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I .  Introduct ion 

Eva lua t ing  t h e  q u a l i t y  of p o r t l a n d  cement concrete and developing a  

r a t i o n a l  acceptance c r i t e r i a  r e l a t e d  t o  mater ial  t e s t  specimens has been a  

m a t t e r  of s t u d y  and d i s c u s s i o n  among engineers ,  a r ch i t ec t s ,  and concrete 

technologies fo r  the  past 50 years. As time passed and concrete was used in  

more s o p h i s t i c a t e d  designs,  s t r u c t u r a l  i n t e r i t y  and safe ty  became more and 

more important. Many o p i n i o n s  and p h i l o s o p h i e s  e x i s t  i n  t h e  c o n t i n u i n g  

e f f o r t s  t o  develop sound c r i t e r i a  f o r  acceptance o r  r e j ec t ion  of in-place 

concrete.  This is based e s s e n t i a l l y  on t h e  r e s u l t s  of f i e l d  f a b r i c a t e d  

c o n c r e t e  t e s t  specimens which c o n c e p t u a l l y  i n d i c a t e  t h e  q u a l i t y  of t h e  

concrete in  the  s t ruc tu re .  

The need f o r  a  r e l i a b l e ,  r e p e a t a b l e ,  s imp le ,  and rap id ly  performed 

f i e l d  t e s t  f o r  such acceptance has remained c e n t e r e d  around one i tem:  t h e  

compressive s t rength  of t h e  concrete a s  measured by the des t ruc t ive  t e s t i n g  

of j ob - fab r i ca t ed  t e s t  c y l i n d e r s .  The r e s u l t s  of t h e s e  t e s t s  a r e  t hen  

compared t o  the  design s t rength  required by the  project .  

I t  is of ten  assumed t h a t  any ind ica t ion  t h a t  the  concrete t e s t  cylinder 

f a i l s  t o  e i t h e r  meet or  exceed the design s t rength  implies a corresponding 

lack in  i n t e r i t y  i n  t h e  port ion of t he  conc re t e  s t r u c t u r e  r e p r e s e n t e d  b y  

the t e s t  specimens. On t h i s  point alone, 'debate becomes heated. 

While there  is no debate over t he  purpose and need f o r  such t e s t i n g  t o  

a s s u r e  needed s t r u c t u r a l  s a f e t y ,  t h e r e  a r e  r a t i o n a l  questions over what 

cons t i t u t e s  an acceptable  concrete s t r eng th  t e s t .  The major f a c t o r  i n  such  

d e b a t e  c e n t e r s  around the  heterogeneous nature of concrete. When concrete 

is produced i n  a  p l a n t ,  i t  is  s u b j e c t  t o  v a r i a b i l i t y  i n v o l v i n g  t h e  

i n g r e d i e n t s  t h a t  make up t h e  c o n c r e t e  mix: i . e .  t h e  cement, aggregates, 



water and admixtures.  I n  addi t ior i ,  t h e  mixing p rocedures ,  t r a n s p o r t a t i o n ,  

p l a c e m e n t  and c u r i n g  p r a c t i c e s  a r e  among many a d d i t i o n a l  f a c t o r s  t h a t  can 

add t o  v a r i a b i l i t y  In t h e  f i n a l  product.  I f  we t h e n  add v a r i a b i l i t i e s  i n  

t e s t i n g  procedures ,  i t  becomes r e a d i l y  apparent  why t h e r e  a r e  v a r i a b i l i t i e s  

i n  t h e  c o n c r e t e ,  and i n  t h e  t e s t  specimens t h e  concre te  is represen ted  by. 

I t  i s  i n h e r e n t l y  n e c e s s a r y  t o  e s t a b l i s h  a c c e p t a n c e  c r i t e r i a  t h a t  

r ecogn ize  t h e s e  v a r i a b i l i t i e s  . F u r t h e r m o r e ,  t h i s  must be done  w i t h o u t  

compromising t h e  s a f e t y  and i n t e w i t y  of t h e  s t r u c t u r e  i t s e l f .  



11. An Overview of Various S t a t e  Highway Department 
Approaches t o  Evaluating Concrete 

The Arizona Department of Transportation's current  acceptance c r i t e r i a  

r e q u i r e s  t h a t  t h e  average  of two t e s t  cyl inders  fabr ica ted  a t  the time of 

concrete placement a t t a i n  a  minimum compressive s t r e n g t h  of 95 p e r c e n t  of 

t h e  28-day design s t rength .  I f  t h i s  c r i t e r i a  is not met, the  contractor  is 

permitted t o  take co res  of t h e  suspec ted  c o n c r e t e  w i t h i n  4 2  days of t h e  

placement .  I f  t h e  average of th ree  t e s t  cores,  t es ted  i n  a  wet condition, 

equals or  exceeds the  required des ign  s t r e n g t h ,  t h e  c o n c r e t e  is accep ted  

without penalty. 

This c r i t e r i a  is s i m i l a r  t o  t h e  c r i t e r i a  used b y  a number of o t h e r  

s t a t e  highway a g e n c i e s .  However, t he  de t a i l ed  requirements f o r  portland 

cement concrete va r i e s  considerably between t h e  s t a t e  highway agenc ie s  i n  

b o t h  mix des ign  and i n  accep tance  c r i t e r i a  r e l a t e d  t o  low compressive 

s t r eng th  cyl inder  breaks. 

Th i s  wide v a r i e t y  of s p e c i f i c a t i o n  and depa r tmen ta l  p rocedures  is 

portrayed in  Table 1 .  I t  is impor tan t  t o  r ecogn ize  t h e  s i m i l a r i t i e s  and 

d i s p a r i t i e s  of t he  da t a  i n  t h i s  tab le .  Only then does the  complex nature of 

agency c r i t e r i a  f o r  c o n c r e t e  and i t s  minimal accep tance  c r i t e r i a  become 

f u l l y  apparent.  Several items of note  i n  t h i s  regard: 

1 The pr in ted  spec i f i ca t ion  of a l l  t he  s t a t e  highway agencies  (SHA)  , 

w i t h  t h e  exception of Vermont, requi re  a  minimum cement content i n  

t h e i r  concrete mix design. 

2. A l l  SHA l i m i t  the  maximum water-cement r a t i o ,  wi th  t he  exception of 

Arizona, Cal i forn ia ,  Michigan, and South Dakota. 

3. Compressive s t r e n g t h  t a r g e t s  o r  ranges  f o r  v a r i o u s  c l a s s e s  of 

c o n c r e t e  a r e  d e f i n e d  i n  a p p r o x i m a t e l y  60 p e r c e n t  o f  t h e  



TABLE 1 

Ruye of Ruye of 
C l a ~ e a  Hln. Max. Water- Coop. 

of Cnont  C r m t  Strength Mlsc. llotea re: Acoeptanoe 
State  Concrete Contents Ratlor R.ly one .Evalrutlon Cr l t e r l a  

Arlwna 3 517 - -- 2500 - Min. 95% 28 day mmp. a t r .  
752 3000 Q oores a t  42 Z m  to mt 

f l c - t e a u a  wet. Penalty 
c l a w e  

Cali I .  I 563 - --- ( 1 )  Min.95Smvingave . ;85% 
800 a l l  ine,  teats .  

Colo. 11 565 - 0.84 - ( 1 )  U 8 . s  rpoclal formula for  
700 0.53 ( 1 )  a c c e p t . ~ ~ c e r n o p r l c e a d j r u t -  

nnt. 

Dsl. U 423 - 0.10 - 2000 - Roqulrrr s l x  wlth aeslgn 
705 0.60 a500 strength plus 300 psi s td.  

devlatfon. 

Fla. 3 564 - 0 .  - 8 0 0  - Usu oore t e s t s  for  1w 
658 0 .55  5000 strengths plvs p n a l t y  

C 1 . W  LO fO.pUYBJte atat. 
ror lora of dVabl l i ty .  ( 5 )  

Goo. 6 0 7 0 -  0.44 - 2200 - D a i -  8lx+a for  T'c plus  2 
675 0.66 5000 std. b . r ia t lonr .  Usm ACI 

m i t e r l a  fo r  acceptance of 
lw broaka. 

Idaho B 380 - 0.44 - (1  nin. 955 using moving 
70b 0.60 averama. R i c e  adjutments  

to 85%. Corer tested 6 r y  to 
chwk 1w strength9 ( 6 )  

111. 3 ra) (2 )  ( 3 )  

Ind. 3 a70 - 0.49 - ( 1  ) Only mmtlom born breaks 
61 1 0.62 ( f l e u l l )  to  chsfk f o m  

rmoval. 

Kentucky 6 4 5 1 -  0.44 - 2500 - Low cyllndera reviewed p r  
733 0.66 5000 rPr 6b-313-86. Rqulrea ln- 

piace investigation a f te r  
500 psi m a w  design, with 
cores. (91 

La. 10 376 - 0 . 8  - 2000 - 
656 0.71 6000 

Mine 5 517 - 0.45 - 3000 - Uaas a t a t i s t i c a l  e n l u r t l o n  
635 0.53 4000 prr A C I  214. ~ c c e p t s  1 out 

of 10 1Or breaks In 3000 L 
WOO pal mlxa .  

Man. 9 450 - (4 1 3000 - H u  specla1 doparwnea l  
658 8500 m v l w  m f ~ l s  not scatea i n  

s3.a. 

!~ISIOIF~ 5 56C - h.5 - ( T i  Only ~ m r i o r u  conpresrive 
752 6.0 s r r .  repuired for r u m  and 

fa1S.wrk removal. 

Mont . 8 5 1 1 -  5.0 - 2100 - Requires mix design - 4OO 
752 6 .0  5000 ps1 std.  &riat ion and 

InVOk08 W l t y  C l W S t  at 
300. '00. & 500 pal  mder :o 
70% my. 



a500 - UAan up to 10% u t e r l a l  
6500 mlar c lam r t r a r y h .  

Beyond that limit w e s  a 
qrwllty index f a u l a  and 
pry a d j r u t n n t  ( 6 )  

2200 - no f m  n t h w ;  -8 
a m  aylnoering J-nt and 

no pry petulty for  accept- 
able low m t r m t h a  on 
a t r u c t w a  

(1) Allowa I 10% v u i a t l o n  Wlou 
O m i ~  strength of 7-day 
CYlinOlr8. 

zsoo - ~ l l o v a  up t o  10s mlow 
4500 rtrength a t  7 Pays Only. 

NO. c u .  

NO. 0.k. 

Ohio &DO0 - Urar core t a r t s  l o r  low 
1500 strength8 a t  28-d.p. 

Evaluates w i t h  a qual i ty  
index .no has p n a l t y  clause 
t o  0 pay. 

( 1  ) Cmprerslve or f l e w a l  
strength requirements only 
lor  form removal or ear ly 
p r v m n t  aervlcr. 

( 1 )  uasa s t a t i s t i c a . ~  evaluation 
Uld quality level w p i s  
Uld P . Y  ~ . M l t y .  

ZOW - 7-6.y strength cyls. -0 
1500 f o r  acceptance. 28-Uy 

reau l t s  stmu potential of 
dosign mix. 

R .I. 

So. cu .  2500 - nix o e s i p  must ronult i n  
5000 28-ay atrengtM 25% above 

deaign strangtM. or 
mix. 

3000 - Uses enginwring j u d p . n t  
3000 without u r l t t en  p r o c e d w ~ ,  

on s job by Job Duia. 

(1) Contractor allowed to  car* 
lo r  low strengtm. S ta te  
uil: accept lw  atr*ngth i r  
j u m t  indicatns Owa- 
b i l i ty  O.K. (11) 

?ex. 

Utah a00  - User mviag a v e r a ~ s  ( 1  I n  
3650 100 s t s t i r t i c a l  evaluation) 

Pay a 0 ) u s w t  to  801  f o r  
P 0 0  psi maer  minimtm. :12 )  

V t .  

Virg. 1500 - Specs. regulrc mix r0juS:- 
5000 a n t  Tor low strengths. bu: 

no scceptmce c r i t e r l r  or 
MY penalty. 



Ymh. 

Y. V I .  

nso - 
5000 

& i n d l c l t e d  on p r o j e c t  p l w  o r  s u p p l m n t l l  r p . c i r l c a t i o n 8 .  

I l l l n O l s  r e q u l r a r  605 l tm. n ~ n t / c y  Ud r 0.48 u l c  r r t l o  T w  br ldge  
4 . o U  wnorrtr only.  

I l l l n o i r  u a e a  c o m p r e s s i v e  r t r e n g t h a  a s  i n d i c a t e d  on p r o j e c t  p l r m  
except  Tor b r l a e  d e c m  unlch  r e q u l r e  4000 p s i  i n  1u am. 

HUimIm V/C r a t i o  01 0.411 r e q u i r e d  f o r  brid#e Oeok c o n s t r u c t i o n  Only. 

Cont rac tor  d r v e l o p s  r p r o j e c t l m l x  4ea i (n  r e l r t i o n a h l  p between c o r e s  
and c y l i n d e r s  Utsr 92 -1s. 

T k e e  c o r e s  conver ted  t o  28 dry  s t r e n g t h  w i n g  I d a h o  7 - 0 9 .  (Any a g e  
ta 90 dry81 

A l l -  wrn for leu strengths: c o r r e c t e d  t o  max. 90 d a m .  

Corer DOCeptrble Tor r e t e s t ,  per USTO T2u 

Alloua t o  500 p s i  l o u  w i t h o u t  s p e c i r l  i n v e r t ~ g r ~ l o n - - a n d  w i t h o u t  
penal ty  c lause .  

12-dry compressive s t r e n g t h  t e a t s  used  l o r  a c c e p t a n c e  o r  s p e c l r l  
e n l w t i o n .  

Cores n o t  m t i n g  d w l g n  s t r e n g t h s  v l l l  r e a u l t  i n  p r y  r e d u c t i o n  by 
T o n u l a  u r i n e  r a t i o  o f  28-my s t r e n g t h f s p . c l T l e a  r c r e n g t h .  

Corer U k m  a t  35 a y s  or e u l i e r .  



s p e c i f i c a t i o n s  ; a p p a r e n t l y  t h e  o t h e r s  i d e n t i f y  r e q u i r e d  s t r e n g t h s  

on p l a n s  and supp lemen ta l  s p e c i f i c a t i o n s .  

4. S p e c i f i c  a c c e p t a n c e  a n d  e v a l u a t i o n  p rocedures  were shown i n  l e s s  

t h a n  40 p e r c e n t  o f  t h e  s t a t e  s p e c i f i c a t i o n s  rev iewed.  Some s t a t e s ,  

e x e m p l i f i e d  by N e w  Mexico, Texas and Washington have no documented 

e v a l u a t i o n  and/or  a c c e p t a n c e  gu ide  o r  p r o c e d u r e .  T h e y  a p p a r e n t l y  

u s e  e n g i n e e r i n g  judgment on an  i n d i v i d u a l  p r o j e c t  b a s i s ,  w i thou t  a 

r i g i d  g u i d e l i n e .  

5. L e v e l s  o f  a c c e p t a n c e  o f  l o w  c y l i n d e r  b r e a k s ,  among t h o s e  s t a t e s  

w i t h  s p e c i f i c  p r o c e d u r e s ,  i n c l u d e d  85, 90 and 95 p e r c e n t  o f  d e s i g n  

s t r e n g t h .  

6. S t a t i s t i c a l  e v a l u a t i o n  a n d / o r  methods i n v o l v i n g  s t a n d a r d  d e v i a t i o n s  

and m v i n g  a v e r a g e s  o r  s t r e n g t h  t e s t s  were s p e c i f i c a l l y  d e t a i l e d  by 

app rox ima te ly  20 p e r c e n t  o f  t h e  S H A .  

7. T h e  s p e c i f i c  u s e  of  test c o r e s  t o  " o v e r r i d e w  low s t r e n g t h  c y l i n d e r  

t e s t  r e s u l t s  was mentioned i n  1 1  s t a t e  s p e c i f i c a t i o n s .  B o t h  wet 

a n d  d r y  tests are used ,  wi th  t h e  d i f f e r e n c e  u s u a l l y  r e l a t e d  t o  t h e  

d e g r e e  o f  m o i s t u r e  a v a i l a b l e  t o  t h e  s t r u c t u r a l  e l e m e n t  d u r i n g  i t s  

s e r v i c e  l i f e .  



111. A Canparative Review of Other Public Agency 
and Pr iva te  Sector Evaluation Techniques 

In view of t he  v a r i a b i l i t y  in  spec i f ica t ions  between the va r ious  s t a t e  

highway a g e n c i e s ,  recommendations and expe r i ences  of other  governmental 

agenc ie s  and p r i v a t e  o r g a n i z a t i o n s  were reviewed.  The fo l lowing  were 

se lec ted  in  t h i s  regard: 

Federal Highway Administration (FHWA) 

US Army Corps of Engineers ( C O E )  

US Bureau of Reclamation (USBR) 

Maricopa Association of Goverrnnents (MAG)  

National Ready Mix Concrete Association ( N R M C A )  

American Concrete I n s t i t u t e  ( A C I )  

Portland Cement Association (PCA) 

American Concrete Paving Association (ACPA) 

The Fede ra l  Highway A d m i n i s t r a t i o n ,  a s  d e t a i l e d  i n  t h e i r  S t anda rd  

Spec i f ica t ions  f o r  Roads and Bridges on Federal Highway Pro jec ts  ( 2 1 ,  uses a 

s e t  of f o u r  ( 4 )  c o n c r e t e  t e s t  c y l i n d e r s  a s  a b a s i s  f o r  a c c e p t i n g  o r  

r e j e c t i n g  any p a r t i c u l a r  l o t  of concrete. The first  two a r e  t e s t e d  a t  28 

days with t h e  remaining two t e s t e d  f o r  v e r i f i c a t i o n  a t  a l a t e r  d a t e .  Any 

concrete represented by cy l inders  having a compressive s t rength  of l e s s  than 

t h e  r e q u i r e d  f ' c  is e v a l u a t e d  s t a t i s t i c a l l y  u s i n g  a ' Q u a l i t y  L e v e l  

Analys is .  ' T h i s  u t i l i z e s  s t a n d a r d  d e v i a t i o n s  of t h e  mixes involved and 

r e s u l t s  i n  pay f a c t o r  r e d u c t i o n s  down t o  75 p e r c e n t .  Concrete  w i t h  a 

q u a l i t y  lower t han  t h e  minimum is not necessar i ly  taken out ,  but is judged 

from an engineering bas i s ,  and could r e s u l t  i n  acceptance without pay under 

c e r t a i n  c i r c u m s t a n c e s .  T h i s  a n a l y s i s  a l s o  r e s u l t s  i n  t h e  c o n t r a c t o r  

receiving up t o  5 percent  reward pay f o r  c o n c r e t e  t h a t  exceeds r e q u i r e d  



l e v e l s  of qua l i t y .  Coring is not addressed in  t h e  document, but apparently 

can be used by the contractor  t o  prove a case. 

The U.S. Army Corps of Engineers has a  somewhat l e s s  s t ruc tured  method 

of acceptance, and conversations w i t h  engineers i n  both t h e i r  Phoenix o f f i c e  

and t h e  Sacramento h e a d q u a r t e r s  i n d i c a t e  t h e i r  commitment t o  performance 

spec i f i ca t ions .  The usual procedure a t  the loca l  Phoenix o f f i c e ,  i f  t h e  28- 

day c y l i n d e r  s t r e n g t h s  a r e  n o t  met, is t o  wet cure the  s t r u c t u r e  and take 

c o r e s ,  u s u a l l y  a t  56 days. According t o  t h e  l o c a l  C O E  spokesman a l l  

concrete t e s t ed  with t h i s  method has been accepted. 

The Sacramento s t a f f  is approaching t h e  problem on a  more sophis t ica ted  

b a s i s .  They a r e  t ry ing  t o  follow t h e  acceptance procedures of Chapter 4 of 

the A C I  Building Code (318-83) (5). Furthermore, they do not use a  p e n a l t y  

c l a u s e  o r  r e d u c t i o n  f o r  marg ina l  c o n c r e t e .  If t h e  c o n c r e t e  meets  t h e  

s t a t i s t i c a l  evaluation procedure, o r  13 accepted from the  coring p rocedure ,  

f u l l  payment is given. 

The U.S. Bureau of Reclamation has c r i t e r i a  used b y  a r e a  and p r o j e c t  

e n g i n e e r s  which r e q u i r e s  t h e  s t r e n g t h  of 80 percent of a l l  t e s t  Specimens 

fo r  a  given l o t  of concrete be squal  t o  or  grea te r  than the  design s t r eng th ,  

u s i n g  a  r u n n i n g  ave rage  of t e n  t e s t s  ( 3 ) .  They a l s o  a s s i g n  l e v e l s  of 

coe f f i c i en t s  of var ia t ion  f o r  each c l a s s  of concrete from 2,000 t o  6,000 p s i  

c o n c r e t e .  Th i s  procedure h a s  apparently worked qu i t e  well f o r  them i n  t h e  

pas t ,  and they ind ica te  t h a t  they cou ld  n o t  remember any c o n c r e t e  on t h e  

C e n t r a l  Arizona P r o j e c t  c a n a l  sys tem no t  meet ing t h e  s p e c i f i c a t i o n s  of 

requi r ing  removal of i n f e r i o r  concrete for  reasons of low s t r e n g t h s .  Th i s  

may be changing  now, however, f o r  they  a r e  now building t h e  d i s t r i b u t i o n  

network of l a t e r a l s  and d i tches ,  and these  use ready-mix concrete s u p p l i e r s  

r a t h e r  than t h e  c e n t r a l  p lan ts  used f o r  the  main canal.  They a r e  now having 



occasional f a i l u r e s ,  but t r y  t o  minimize t h i s  by allowing cores t o  be t aken  

up t o  90 days and accepting i f  f q c  is met by t h a t  time. 

The National Ready Mix Concrete Association does not have any s p e c i f i c  

documents r e l a t i n g  t o  accep tance  and e v a l u a t i o n ,  but  e n t h u s i a s t i c a l l y  

supports the t rend  in  which many highway departments and other  agenc ie s  a r e  

going in  adopting the provisions of Chapter 4 of the ACI Building Code. 

NRMCA has a l s o  indicated its favorable impression w i t h  t h e  r e s u l t s  of 

West V i r g i n i a ' s  program which has been developed over a 15 year period of 

t r i a l  and improvement. B a s i c a l l y ,  i t  r e q u i r e s  t h e  o v e r d e s i g n  o f  a l l  

c o n c r e t e  m i x e s  based on t h e  e f f i c i e n c y  and t r a c k  r eco rd  of any g i v e n  

concrete p l a n t  or  source. I t  is f e l t  t h i s  has  reduced t h e  cumber of low 

breaks  t o  such a small nunber t h a t  the problem of acceptance becomes a moot 

point.  

The Maricopa A s s o c i a t i o n  of Governments' gu ide  s p e c i f i c a t i o n s  f o r  

public works construct ion ( 4 )  recommends accepting concrete when a t  l e a s t  95 

p e r c e n t  of t h e  r e q u i r e d  28-day compressive s t r e n g t h  is o b t a i n e d .  A l l  

concrete which f a i l s  t o  meet t h i s  c r i t e r i a  must be removed. However, t h e  

c o n t r a c t o r  may u s e  c o r e  t e s t s  t o  prove t h e  in -p l ace  concrete meets t h i s  

minimum. There is an adjustment i n  c o n t r a c t  u n i t  p r i c e  f o r  t h e  s t r e n g t h  

deficiency between 95 and 100 percent of f l c .  This penalty ranges from 0 t o  

20 per cent. 

L a s t l y ,  t h e  recommendations of t he  American Concrete I n s t i t u t e  and t h e  

P o r t l a n d  Cement Assoc ia t ion  a r e  of p a r t i c u l a r  no te  i n  t h i s  r e v i e w  o f  

accep tance  and eva lua t ion  techniques. The ACI procedures a r e  contained i n  

t he  Building Code Requirements f o r  Reinforced  Concre te  ( A C I  31 8-83 1 ; a 

document f u l l y  embraced and supported by the P.C.A. 



Chapter 4 of t h i s  document is p a r t i c u l a r l y  impor tan t  i n  t h i s  r e g a r d ,  

and is c o n t a i n e d  i n  i ts  ent!.rety i n  Appendix A of t h i s  repor t .  Of a l l  the  

various methods ava i lab le  and used by the  various agencies ,  t h i s  p rocedure  

p r e s e n t s  perhaps  t h e  most e f f i c i e n t  method. I t  uses a three-step approach 

centered on s t a t i s t i c a l  evaluation. Spec i f ica l ly ,  t h i s  A C I  procedure s t a t e s  

t h a t  t h e  s t r e n g t h  l e v e l  of any i n d i v i d u a l  c l a s s  of c o n c r e t e  s h a l l  be 

considered acceptable i f :  

a. The average  of a l l  s e t s  of th ree  consecutive t e s t s  be equal t o  o r  

exceed the  design s t r eng th  ( f ' c )  and, 

b. That  - no s t r e n g t h  t e s t  ( d e f i n e d  a s  t h e  average of two cyl inders )  

f a l l s  below f t c  by more than 500 p s i .  

If these two c r i t e r i a  a r e  not s a t i s f i e d ,  fu r the r  invest igat ion is required: 

a .  I f  any t e s t  i s  500 p s i  l e s s  t han  f q c ,  s t e p s  s h a l l  be t aken  t o  

assure load-carrying capaci ty of the  s t ruc tu re  is not jeopardized. 

b. I f  t h e  l i k e l i h o o d  of low s t r e n g t h  c o n c r e t e  i s  c o n f i r m e d  and 

computat ions i n d i c a t e  t h a t  l oad  c a r r y i n g  capacity may have been 

s i g n i f i c a n t l y  reduced, cores may be required. 

c.  If c o r e s  a r e  t a k e n ,  3 cores s h a l l  be taken fo r  each s t rength  t e s t  

t h a t  was 500 p s i  l e s s  than f q c .  

d. If  t h e  s t r u c t u r e  w i l l  be dry under serv ice  conditions,  cores  s h a l l  

0 be a i r  dr ied a t  60 t o  8 0 * ~  w i t h  r e l a t i v e  humidity l e s s  t han  60  

percent f o r  seven days and then tes ted  9. 

I f  the  concrete in  t h e  s t r u c t u r e  w i l l  be more than  s u p e r f i c i a l l y  

W e t  under se rv ice  condit ions,  cores s h a l l  be immersed i n  water f o r  

a t  l e a s t  48 hours, and t e s t e d  wet. 

e.  Concre te  from the a rea  represented by the core s h a l l  be considered 

s t r u c t u r a l l y  adequate i f  the average of th ree  cores is equal  t o  o r  



a t  l e a s t  85 percent  of f ' c  and i f  no single core is l ess  than 75 - 
percent f t c .  Errat ic core strengths may be retested. 

f .  I f  a l l  these  f a l l ,  load the structure (per Chapter 20 of A C I  318- 

83) and t e s t  for  allowable deflections. 



I V .  I m p l i c a t i o n s  of Adopting End- re su l t  S p e c i f i c a t i o n s  
Using S t a t i s t i c a l  Eva lua t ion  

A f t e r  r e v i e w  of  a l l  t h e  a fo remen t ioned  d a t a ,  i t  would s e e n  l o g i c a l  and 

p r o g r e s s i v e  t o  c o n s i d e r  a d o p t i n g  a  s p e c i f i c a t i o n  which would: 

a .  Use s t a t i s t i c a l  e v a l u a t i o n s  o f  compressive s t r e n g t h  t e s t s  p e r  A C I  

214-R83 ( 6 ) a n d ,  

b. A l low t h e  a c c e p t a n c e  o f  compressive s t r e n g t h  tests t o  a s  much a s  

500 p s i  under t h e  d e s i g n  s t r e n g t h  ( f t c )  p e r  A C I  318-R83 

T h i s  w o u l d  p r o b a b l y  a s s u m e  t h a t  t h e  c o n t r a c t o r  b e  a l l o w e d  f u l l  

d i s c r e t i o n  i n  d e s i g n i n g  t h e  c o n c r e t e  mix .  Minimum c e m e n t  c o n t e n t s  a n d  

maximum w a t e r / c e m e n t  r a t i o s  w o u l d  n o t  b e  i m p o s e d .  The  c o n c r e t e ' s  

compress ive  s t r e n g t h  t h e n  becomes t h e  one  a n d  o n l y  d e t e r m i n i n g  f a c t o r  f o r  

a c c e p t a n c e .  I t  t h e n  becomes n e c e s s a r y  t o  e x p l o r e  b o t h  l i t e r a t u r e  a n d  

e x p e r i e n c e  t o  e q u a t e  c o m p r e s s i v e  s t r e n g t h  a g a i n s t  a n o t h e r  p a r t i c u l a r l y  

i m p o r t a n t  p r o p e r t y  o f  c o n c r e t e ,  i ts  d w a b i l i  t y .  

A m a t e r i a l ' s  d u r a b i l i t y  is u s u a l l y  d e f i n e d  a s  i ts a b i l i t y  t o  w i t h s t a n d  

w e a r  a n d  tear o r  d e c a y  a n d  b e  l o n g - l a s t i n g .  A more u s e f u l  d e f i n i t i o n  f o r  

ou r  purpose  is perhaps  t o  r e l a t e  d u r a b i l i t y  t o  s e r v i c e  l i f e .  The d u r a b i l i t y  

o f  a n y  b u i l d i n g  m a t e r i a l ,  i n c l u d i n g  c o n c r e t e ,  is a n  impor t an t  p r o p e r t y  bu t  

is n o t  a  w e l l - d e f i n e d ,  d i r e c t l y  measurable  q u a n t i t y .  As m o s t  o f t e n  u s e d ,  

d u r a b i l i t y  is a te rm which d e s c r i b e s  human o p i n i o n  a s  t o  performance under  a  

r ange  o f  c o n d i t i o n s  t o  which i t  is t o  be exposed.  

D u r a b i l i t y  is u n q u e s t i o n a b l y  i m p o r t a n t  and t h e r e  have been many s t u d i e s  

comparing s t r e n g t h  a n d  d u r a b i l i t y  ( 7 . 1  3 , 1 4 , 1 5 ) .  More i m p o r t a n t l y ,  many 

r e c e n t  s t u d i e s  show t h a t  i t  is no  l o n g e r  v a l i d  t o  assume t h a t  s t r e n g t h  and 

d u r a b i l i t y  i n c r e a s e  t o g e t h e r  p r e d i c t a b l y .  I t  h a s  b e e n  a s s u m e d  t h a t  

i n c r e a s e s  i n  c o m p r e s s i v e  s t r e n g t h  r e s u l t  i n  c o r r e s p o n d i n g  i n c y e a s e s  i n  



d u r a b i l i t y .  There  a r e  now s e v e r a l  s t u d i e s  and  a u t h o r e d  p a p e r s  ( 9 , 1 0 , 1 6 )  

which  i n d i c a t e  c o m p r e s s i v e  s t r e n g t h s  have d r a m a t i c a l l y  i n c r e a s e d  ove r  t h e  

p a s t  decade o r  s o ,  b u t  d u r a b i l i t y  has a p p a r e n t l y  n o t  k e p t  p a c e  w i t h  t h e s e  

improvements i n  s t r e n g t h  va lues .  

E d i t o r i a l s  and  w a r n i n g s  began t o  be p u b l i s h e d  w i t h  r e g a r d  t o  t h i s  

breakdown i n  t h e  t r a d i t i o n a l l y  expec ted  s t r e n g t h - d u r a b i l i t y  r e l a t i o n s h i p s .  

I n  1981 t h e  P o r t l a n d  Cement Assoc ia t ion  i n d i c a t e d  a p p a r e n t  i m p r 0 ~ e m e n t S  i n  

many p o r t l a n d  c e m e n t s  wh ich  r e s u l t e d  i n  somewhat h i g h e r  s t r e n g t h  c o n c r e t e  

f o r  g i v e n  q u a n t i t i e s  o f  cemen t .  The m a n u f a c t u r e r s '  t e n d e n c i e s  t o  g r i n d  

t h e i r  p r o d u c t  f i n e r  was a p a r t  o f  t h i s  ( 7 ) .  G .  F a g e r l u n d ,  a  r enowned  

Swedish cement t e c h n o l o g i s t ,  i n d i c a t e d  t h a t  f rom s t u d i e s  ( 8  ) h e  c o n d u c t e d  

t h a t  t h e  g e n e r a l  l e v e l  o f  d u r a b i l i t y  of c o n c r e t e  i n  1981 was i e s s  t h a n  i t  

was 10  o r  15 y e a r s  e a r l i . e r .  He r e a s o n e d  t h a t  t h i s  was r e l a t e d  t o  W a t e r -  

c e m e n t  r a t i o s  h a v i n g  i n c r e a s e d  f o r  g i v e n  s t r e n g t h  l e v e l s ,  b u t  t h e i r  

c o r r e s p o n d i n g  d u r a b i l i t i e s  had  a c t u a l l y  d e c r e a s e d .  His a c t u a l  f i g u r e s  

i n d i c a t e d  t h a t  f o r  a  g i v e n  s t r e n g t h ,  w a t e r - c e m e n t  r a t i o s  i n c r e a s e d  10  

p e r c e n t ,  wh i l e  accompanied by a f i v e - f o l d  i n c r e a s e  i n  p e r m e a b i l i t y  i n  t h e  

c o n c r e t e  and a  co r re spond ing  r e d u c t i o n  i n  d u r a b i l i t y .  

A yea r  l a t e r ,  t h e  PCA once a g a i n  s t a t e d  i t s  c o n t i n u i n g  c o n c e r n  a b o u t  

t h e  d u r a b i l i t y  o f  c o n c r e t e  s t r u c t u r e s  exposed  t o  t h e  n a t u r a l  environment 

( 9 ) .  There  was c o n s i d e r a b l e  ev idence  accumula t ing  which showed i n c r e a s e s  i n  

s t r e n g t h  t a k i n g  p l a c e  as water-cement r a t i o s  increase- -and p e r m e a b i l i t y  of 

t h e  p a s t e  dec reased .  The r e s u l t i n g  l o s s  i n  d u r a b i l i t y  r e i n f o r c e d  t h e  p o i n t  

t h a t  a n  e q u a l i t y  s i g n  canno t  be p l aced  between s t r e n g t h  and d u r a b i l i t y .  The 

u s e  o f  c o m p r e s s i v e  s t r e n g t h  a l o n e  i n t r o d u c e s  a r i s k  o f  e x c e s s i v e  

p e r m e a b i l i t y  o f  t h e  c o n c r e t e  and  a co r re spond ing  l o s s  i n  d u r a b i l i t y .  Many 

r e p o r t s  and pape r s  s u p p o r t  t h i s  h y p o t h e s i s  ( 1 3 , 1 4 , 1 5 ) .  I n  a n  u n p u b l i s h e d  



a r t i c l e  b y  Rasheedduzzafar, Dakhil and Al-Gahtani i n  1982 (10 )  the  f0110wing 

is  noted: 

a .  Environmental  f a c t o r s  such a s  corrosion of reinforcement, s u l f a t e  

a t t a c k ,  a g g r e s s i v e  chemica l s ,  wea the r ing ,  and c rack ing  due t o  

t he rma l  and moi s tu re  g r a d i e n t s  a f f e c t  conc re t e  performance s o  

g rea t ly  t h a t  propert ies  of concrete other  than s t rength  become very 

s i g n i f i c a n t .  

b. Disintegrat ion due to  one f ac to r  of ten  acce lera tes  another form of 

a t t a c k  and t o t a l  de te r iora t ion  is  cumulative. 

c. One must not f a i l  t o  recognize the preeminent ro l e  of pe rmeab i l i t y  

i n  g o v e r n i n g  c o n c r e t e ' s  d u r a b i l i t y  performance i n  a g g r e s s i v e  

environments. This is exemplified by rebar c o r r o s i o n  and s u l f a t e  

a t t ack ,  both of which a r e  extremely permeability oriented. 

d. The preeminence of  p e r m e a b i l i t y  i n  g o v e r n i n g  c o n c r e t e  and  

d u r a b i l i t y  c h a r a c t e r i s t i c s -  i m p l i e s  l a y i n g  s p e c i f i c  provis ions,  

along w i t h  appropriate  s t r eng th  grades,  t o  produce low permeabili ty 

concrete. 

e .  Using modern t echn iques  of q u a l i t y  c o n t r o l ,  i t  i s  p o s s i b l e  t o  

a c h i e v e  adequate  compressive s t r e n g t h s  w i t h  r a t h e r  low cement 

c o n t e n t s .  T h i s  r e s u l t s  i n  a  l a c k  o f  p a s t e  d e n s i t y  and  a  

c o r r e s p o n d i n g  i n c r e a s e  i n  p e r m e a b i l i t y .  Su lpha te  a t t a c k  and 

weathering res i s tance  a r e  e spec i a l ly  a f fec ted  by t h i s .  

f .  Cor ros ion  of r e i n f o r c i n g  b a r s  is a l so  enhanced w i t h  t hese  higher 

water-cement f a c t o r s .  A lack of p l a s t i c  c o n s i s t e n c e  f a i l s  t o  

provide  a l k a l i n e  p r o t e c t i o n  u s u a l l y  provided by a  high qua l i t y ,  

evenly coated cement pas te  on the  s t e e l  bars. 



i t  would seem prudent ,  then,  t o  acknowledge t h a t  today 's  technology allows 

t h e  design of hj.gher s t r e n g t h s  w i t h  l e s s  cement o r  h ighe r  water-cement 

r a t i o s .  The r e s u l t ,  however, is more permeable p a s t e s  i n  t h e  concrete 

system. I t  is then neces sa ry  t o  use water-cement r a t i o s  and /o r  minimum 

cement c o n t e n t s  a s  a c o n t r o l  mechanism. This is unusable, however, i f  we 

wish t o  use any form of end-result  s p e c i f i c a t i o n .  To do t h a t  we m u s t  use  

compressive s t r eng th  t e s t s ,  and l e v e l s  of acceptable s t rength  must be chosen 

t h a t  w i l l  assume higher qua l i ty  of t he  paste  mater ial  i n  a concrete mix. We 

must t h e r e f  o r e  choose compressive s t rengths  f o r  job control  and aczeptance 

well  above t h a t  required by the  s t r u c t u r a l  design needs of t he  project .  The 

a d d i t i o n  of 500 p s i  t o  28-day compressive s t r e n g t h s  is recommended by 

Fagerlund (8) and endorsed by the Portland Cement Association (7,9). 

I f  we a r e  t o  use these  higher compressive s t rengths  f o r  acceptance and 

evaluat ion of concrete,  we must next explore what methods t o  use. 



V .  The Argument f o r  the  S t a t i s t i c a l  Acceptance 
of Compressive Strength Cylinders 

The r o l e  of a  compressive s t r eng th  cyl inder  is well s t a t e d  in  A C I  21 4- 

R83 (6). These t e s t  specimens ind ica te  t h e  po ten t i a l  r a the r  than t h e  ac tua l  

S tFeng th  of t h e  concre te  in  a  s t ruc tu re .  To be meaningful, conclusions on 

s t r e n g t h  must be d e r i v e d  from a p a t t e r n  o f  t e s t s  f rom w h i c h  t h e  

c h a r a c t e r i s t i c s  of the concrete can be estimated w i t h  reasonable accuracy. 

The r e l a t ionsh ip  between t e s t  cy l inders  and concrete i n  a  s t r u c t u r e  has 

been s t u d i e d  s e r i o u s l y  beginning  wi th  H .  H .  Edwards 1929 work a t  Scripps 

College ( 1 1 ) .  The Swedish Cement and Concrete Research I n s  t i t  u t e  updated 

European pract ice and thinking i n  1964 ( 1 6 ) .  D .  L. Bloem followed t h a t  w i t h  

a  c a l l  t o  consider separat ing our concep t s  of s t r e n g t h  i n t o  two d i s t i n c t  

c a t e g o r i e s :  design s t rength  f o r  ca lcu la t ion  of load-carrying capacity,  and 

cont ro l  s t r eng th  f o r  measuring proper  q u a l i t y  and un i fo rmi ty  of c o n c r e t e  

used in  t h e  work ( 1 7 ) .  

Accepting o r  r e j ec t ing  concrete on t h e  b a s i s  of one t e s t  c y l i n d e r  o r  

t h e  average of two o r  t h r e e  cy l inde r s  has been adequately questioned. I n  

i ts place a  p a t t e r n  of t e s t s ,  o r  s t a t i s t i c a l  e v a l u a t i o n ,  f i n d s  growing 

acceptance. Of t h e  1 4  highway agencies t h a t  use t h i s  o r  a  r e l a t e d  approach, 

New Je r sey ' s  s t a t i s t i c a l  based spec i f i ca t ions  f o r  po r t l and  cement c o n c r e t e  

i s  p a r t i c u l a r l y  n o t e w o r t h y  ( 1  8 ,  1 9  1 .  They h a v e  s u c c e s s f u l l y  used 

s t a t i s t i c a l  acceptance procedures f o r  severa l  years. 

T h i s  NJDOT spec i f ica t ion  is of the  end-result  type with the  contractor  

responsible  f o r  most of t h e  c o n t r o l  of bo th  product  and work, whi le  t h e  

highway agency r e t a i n s  r e spons ib i l i t y  f o r  f i n a l  acceptance. That department 

still holds t o  some remnants of method spec i f i ca t ions ,  i . e . ,  minimum cement 

f a c t o r s  and  maximum water-cement r a t i o s .  A pay ad jus tment  f a c t o r  is 



c a l c u l a t e d  from a n  e q u a t i o n  which r e c o g n i z e s  an a c c e p t a b l e  p e r c e n t  of  d e f e c t  

b e l o w  s p e c i f i c a t i o n  l imits .  E x p e r i e n c e  h a s  shown t h a t  small amounts of  

p e r c e n t  d e f e c t i v e  c a n  b e  t o l e r a t e d  w i t h o u t  d e t r a c t i n g  f r o m  t h e  

s e r v i c e a b i l i t y  o f  & s t r u c t u r e ,  e t c .  A C I  214 d i s c u s s e s  t h e  phi losophy of 

t h i s  q u i t e  well ( 6  ) . 
The b i g  d e p a r t u r e  and new i n n o v a t i o n  by NJDOT i n v o l v e s  t h e  i n c l u s i o n  o f  

an awards bonus f o r  q u a l i t y  t h a t  is s u b s t a n t i a l l y  i n  e x c e s s  of t h e  r e q u i r e d  

l e v e l .  T h i s  is l i m i t e d  t o  102 p e r c e n t  of  pay i tem.  New J e r s e y  a rgues  t h a t  

whenever a n  a c c e p t a n c e  procedure  is based on  t h e  p e r c e n t  d e f e c t i v e  parameter  

and a q u a l i t y  l e v e l  o t h e r  t h a n  ze ro -pe rcen t  d e f e c t i v e  is s t a t e d  ( o r  i m p l i e d )  

t o  b e  a c c e p t a b l e ,  p a y  f a c t o r s  o f  1 0 0  p e r c e n t  a r e  r e q u i r e d  i f  t h e  

s p e c i f i c a t i o n  is t o  p e r f o r m  f a i r l y  (18 ) .  T h i s  t ype  o f  p o s i t i v e  i n c e n t i v e  

p r o v i s i o n  is s u p p o r t e d  by t h e  F e d e r a l  Highway Admin i s t r a t i on .  

N e w  J e r s e y  i s  a p p a r e n t l y  p l e a s e d  w i t h  r e s u l t s  t o  d a t e  and c o n t i n u e s  t o  

assess t h e  new p rocedures  a s  t h e y  a f f e c t  a d d i t i o n a l  c o n t r a c t s .  The  o t h e r  

S  .H . A . ' s  t h a t  u se  a  s t a t i s t i c a l  approach  a l s o  f i n d  t h e  procedures  workable.  

Al though t h e  reward bonus is n o t  adopted  by o t h e r  s t a t e s ,  p e n a l t y  c l a u s e s  

and p e n a l t y  pay f a c t o r s  a r e  invoked by a t  l e a s t  11  o t h e r  S.H.A.'s 

S t a t i s t i c a l  e v a l u a t i o n  is a l s o  endor sed  by t h e  c o n s t r u c t i o n  i n d u s t r y .  

M .  L e e  Powell, P r e s i d e n t  o f  t h e  B a l l a n g e r  Group a n d  s p e a k i n g  f o r  t h a t  

i n d u s t r y ,  h a s  s t a t e d  t h e i r  conce rn  t h a t  highway c o n s t r u c t  i o n  t e c h n o l o g y  i s 

a d v a n c i n g  faster t h a n  highway s p e c i f i c a t i o n s  (20) .  He a r g u e s  t h a t  a b s o l u t e  

con fo rmi ty  canno t  be a c h i e v e d  a t  a n y  r e a s o n a b l y  a c c e p t a b l e  c o s t  a n d  t h e  

p r i n c i p l e  o f  r e a s o n a b l y  c l o s e  c o n f o r m i t y  mus t  take  i t s  p l a c e .  T h e  

s t a t i s t i c a l  concep t  is  a v a l u a b l e  t o o l  i n  d e f i n i n g  j u s t  wha t  r e a s o n a b l y  

c l o s e  con fo rmi ty  is. I t  is a  r a t i o n a l  method o f  s e t t i n g  n u n e r i c a l  limits s o  

t h a t  t h e  a v e r a g e  q u a l i t y  of a l l  c o n s t r u c t i o n  w i l l  be s a t i s f a c t o r y .  I n  t h i s  



way t h e  s p e c i f i c a t i o n  limits f u l l y  account f o r  the minimal variations i n  

t es t  r e su l t s  that  occur from random curves .  T h e  qua l i t y  con t ro l  program 

then becomes designed t o  d e t e c t ,  l o c a t e ,  and correct  serious deviations 

result ing from assignable causes. 



V I  : Conclusions and Recommendations 

The c u r r e n t  A r i z o n a  D e p a r t m e n t  o f  T r a n s p o r t a t i o n  c r i t e r i a  f o r  

a c c e p t a n c e  o f  c o n c r e t e ,  a l t h o u g h  s i m i l a r  i n  some r e s p e c t s  t o  a  nunber of 

o t h e r  s t a t e  highway agenc ies ,  is i n  need of updating and improvement. 

A D O T  i s  a p p a r e n t l y  o n e  of o n l y  four  s t a t e  highway agencies  t h a t  does 

not  l i m i t  maximum water  t o  cement r a t i o s  i n  t h e i r  c o n c r e t e  s p e c i f i c a t i o n s .  

Wi thou t  t h i s  l i m i t i n g  f a c t o r  a c o n t r a c t o r  can use s o p h i s t i c a t e d  adnixture- 

based mix d e s i g n s  and  have l i t t l e  t r o u b l e  m e e t i n g  c o m p r e s s i v e  s t r e n g t h  

r e q u i r e m e n t s .  The r e s u l t i n g  concre te  o f t e n  has water-cfment r a t i o s  h igher  

than  t h a t  necessa ry  t o  achieve needed l e v e l s  of d u r a b i l i t y .  To reso lve  t h i s  

i s s u e ,  ADOT can e i t h e r  use a  method s p e c i f i c a t i o n ,  inc lud ing  maximum Water- 

cement r a t i o s ,  t o  i n s u r e  both s t r e n g t h  and d u r a b i l i t y ,  o r  use an  e n d - r e s u l t  

s p e c i f i c a t i o n .  The l a t t e r  s h o u l d  c e r t a i n l y  be a d o p t e d .  I n  a d d i t i o n ,  

d u r a b i l i t y  s h o u l d  be a n  i m p o r t a n t  f a c t o r  i n  any s u c h  a  s p e c i f i c a t i o n .  

D u r a b i l i t y  i s  h a r d  t o  q u a n t i f y  a t  t i m e  of  c o n s t r u c t i o n ,  however ,  a n d  

c o m p r e s s i v e  s t r e n g t h  r e m a i n s  t h e  o n l y  l o g i c a l  c r i t e r i a  t o  u s e  f o r  

a c c e p t a n c e .  An i n c r e a s e  i n  compressive s t r e n g t h  l e v e l s  f o r  a l l  c l a s s e s  of 

concre te  would a l low t h i s  t o  be a c h i e v e d  w h i l e  s t i l l  g u a r a n t e e i n g  needed  

d u r a b i l i t y .  An i n c r e a s e  of 500 p s i  over  t h e  28-day des ign s t r e n g t h  has been 

suggested i n  t h e  l i t e r a t u r e .  Whether o r  no t  t h i s  is an exac t  v a l u e  f o r  u s e  

i n  Arizona 's  environment should  be researched.  

Consider ing t h e  v a r i a b i l i t y  a s s o c i a t e d  u i  t h  c o n c r e t e  p r o p e r t i e s  , a s  

w e l l  a s  w i t h  t e s t i n g  p r o c e d u r e s ,  s t a t i s t i c a l l y  based  a c c e p t a n c e  o f  

compressive s t r e n g t h  r e s u l t s  must be considered f o r  a d o p t i o n .  S t a t i s t i c a l  

e v a l u a t i o n s  a r e  w i d e l y  used by many agencies  f o r  q u a l i t y  c o n t r o l  purposes,  

and p a r t i c u l a r l y  f o r  p o r t l a n d  cement c o n c r e t e .  C h a p t e r  4 o f  t h e  American 



Concrete I n s t i t u t e ' s  Building Code Requirements f o r  Reinforced Concrete ( A C I  

318-83). (included a s  Appendix A )  r e p r e s e n t s  t h e  s t a t e - o f - t h e - a r t  i n  t h e  

q u a l i t y  c o n t r o l  of  c o n c r e t e .  T h i s  document r ecogn izes  s t a t i s t i c a l  

evaluat ions and is being adopted on an ever increasing bas is  by industry and 

a g e n c i e s  a l i k e .  We recommend t h a t  i t  be adopted f o r  use in  any rev is ions  

ADOT makes in  t h e i r  present spec i f i ca t ions  r e g a r d i n g  c o n c r e t e  acccep tance  

and evaluat ions.  This can be adopted a s  a complete document or  i n  ca re fu l ly  

s e l ec t ed  par t s .  I n  addi t ion ,  any such rev is ions  using t h i s  s tandard  shou ld  

a130 i n c l u d e  t h e  i n c r e a s e s  i n  compressive s t rengths  ( f o r  acceptance) ,  a s  

mentioned above. 
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ACI STANDARD 

PART 3 - CONSTRUCT ION REQUIREMEYTS 

CHAPTER 4 - CONCRETE QUALITY 

4.0 - Notation 4.2.2 -Where different materials are to be used for 
different ponions of proposed work. each comSination 
shall be evaluated. f :  = specified compressive strength of concrete. 

psi 
f  = average splitting tensile strength of light- 

weight aggregate concrete. psi 
f:, = required average compressive strength of 

ancrete used as the basts for seleaion of 
concrete pmpomons, psi 

s = standard deviation, psi 

4.2.3 - Concnele propomont. including water-cement 
ratio, shall be established on fhe besis of field ex- 
perience and/or Vlal mixtures wtm materials to be 
employed (Secrion 4.3). except as permitted in Sec- 
tion 4.4 or required by Section 4.5. 

4.3 - Proportioning on the basis of field 
experience and/or trial mixtures 4.1 - General 

4.1.1 -Concrete shall be propomoned to provide an 4.3.1 - Standard deviation 
average comprsssive strength 8s prescribed in Sec- 
tion 4.3.2- Concrete shall be proauced to minimize 43.1 .I - Where a concrete produetion facility has 

hquenq mengms below I ;  as prec.h, in set. test records, a mndard deviation shall be estab- 

tion 4.723.  l ihed. f e n  records fmm which a standard deviation 
is calculated: 

4.1.2- Requirements for f ;  shall be based on tests 
of cylinders made and tested zs prescribed in Section 
4.72. 

(a) Shall represent materials. ouality control pro- 
cedures, and conditions similar to those expected 
and manges in materials and propomons within the 
test rexrds shall not have been more restricied than 
those for proposed work. 

(b) Shalt represent concrete produced to meet a 
s~ecified strength or s t tenps  I; within 1000 psi of 
Rat specified fo: proposed work. 

4.13 - Unless otherwise spedfied. I; shall be besed 
on 28-day lurs. If other than 28 aayt, t en  age tor f ;  
snall be a indicated in design orawings or specifi- 
cations. 

4.1.4 - W e r e  design cnleria in Sections 9.52.3, 11.2 
urd  1223.3 provide for use of a splimng tensile 
saength value of concrete. laSontory tern shall be 
made in accordance with "Specification for Light- 
weigin Aggregates for SVururzr Conc:ere" (ASTM 
C 330) to esiilisl'l value of I- wnespondinc to sDec- 
ified value of f ;. 

(c) Shall cansis; of at l e s t  30 mnsecunve tes:s c: 
two grouos of mnsemive tests totaling a! lezs; 30 
t o m  u oefined in Secrion c.7.1.4. excep: 2s 3ro- 
video in Semon 4.3.1.2. 

5.3.12 -Where 2 mncrete groduc;ion faciiity d3os 
cot have test fec3r6 meeting rezuaemenrs of Sec- 
t13n 4.3.1.1. but does have e resorl based on 15 to 
29 consecurrve tern. 2 siandard deviation may be es- 
tzolisned a i!?e proouc of L9e calculaled s;aneud 
oeviation znd ne3ificanon facor of T a l e  4.3.i.2 To 

4.1.5 - Splitbng tensile m n g  tens shall not be csed 
a b v i s  lor field ?.cce?:ance of wncrete. 

4.2 - Selection of concrete proportions 

5.21 - Pro~ortions of materials tc: conzete shell Se 
esiablished to provide: TABLE 4.3.1.2 - MODIFICATION FACTOR FOR 

STANDARD DEVIATION WHEN LESS THAN 30 
TESTS ARE AVAILABLE (a) Workabiiity and wnsistency to perm11 wn=te 

to be worked readily in10 forms and around rein- 
forcement under anditions of p:accmem 13 be em- 
ployed. without segnpanon or exessrve bleeding. 

I W f i u a o n  l amr  tc: 
No. ct lam' I f M C U e  C M E C C  

(b) Resisiance to speaal exzosuns as required Sy 
Seaion 4.5. 

(c) Conformance with strengh fen reouremem of '- *- - - 
Se&n 5.7. ~YD.UAOLO-D~U.OO---=~,- 

5eam 4 3 2 :  







BUILDING CODE REQUIREMENTS 

45.4 -For Eorrotion protbcbetn, maximum water sol- 
u b k c R i o r i d e i o r r ~ i n h a ~ ~ e t e  
u UII age of 28 days cwnrlkrted lrom the hgred,nts 
hrctudPrg watar, m, c e m d h s  rnaterisls and 
~~rlmixtms shall not exceed l imb of Table 4.5.4. 

TABLE 45.4 - MAXIMUM CHLORIDE ION 
CONTENT FOR CORROSION PROTECTION 

4 5 5 -  When reinforced concrete will be exposed to 
deicing salts, brackish water. seawater, or spray fmm 
these scums, requirements of Table 4.52 for water- 
wmat ratio or c o m e  strength and minimum con- 
crete Ebver requirements of W o n  7.7 shall be sat- 
isfied. ' 

I 

4.6 - Average strength reduction 

As data b e m  available dunng corrstrucllon, amount 
by which value of fk must exceed spedhed value of 
I: may be reduced. provided: 

(a) 30 or more test resub are available and av- 
erage of test results exceeds that required by Sec-- 
tion 4.321, using a srandard dmation calculated 
in accordance with Section 4.3.1.1. or 

(b) 15 to 29 test resub are avJlable and average 
of test results exceeds that required by Section 
4.321 using a standard deviation calwlaled in ac- 
cordance with Section 4.3.12, and 

(c] special expowre requirements of Section 4.5 
are m e t  

4.7 - Evaluation and acceptance of 
concrete 

4.7.1 - Frequency of testing 

4.7.1.1 -Samples for strengtb tests of each class 
of concrete placed each day shall be taken not less 
than once a day, nor less than once for each 150 w 
yd of concrete. nor less than once for each 5000 sq 
tI of surface area tor slabs or wa lk  

4.7.19 -On a given projen if total volume of con- 
crele is such that frequency of testing required by 
Section 4.7.1 .I would provide less than five strength 

tsasbragiuen~ofeonaete,!estssJuIlbemeda 
trom at bast five mnckunty s e w e d  batches a from 
each batch H fewer than five batches a n  wed. 

4.7.13- When !ma! quanttty of a given dass of 
emmute ib kss than 50 C*J yd, strength tests may be 
waived by the Building Official. H in his judgment avi- 
den# ol satisfactory strength is provided. 

4.7.1.4 - A  strength test shall be lbe average of the 
strengths of two cylinders made from the same sam- 
ple of cowete and tested at 28 days or at lest age 
designated for determination of f ;  

4.79 - Laboratory-cured specimens 

4.723 -Samples for strength tests shall be mken 
in accMdana wiih "Methad of Sampling FnsNy Mixed 
Concrete" (ASTM C 172). 

4 . 7 a -  Cylmders tor strength tests shall be molded 
and Wratoryarred in accordance with "Method of 
Making and Curing Concrete Test Specimsns in the 
Field" (ASTM C 31) and tested in accordance wilh 
"Test Method for Compressive Strength of Cyiindricai 
Concrete Specimens" (ASTM C 39). 

4.72.3- Strength level of an individual dass of 
concrete shall be considered satisfactory If both of the 
following requirements are met 

(a) A m a g e  ot all sets of three consecutive strength 
tests equal or exceed P;. 

(b) No individual strength test (average of two cyC 
inders) falls h low  r; by more than 500 psi. 

4.724- H e w r  of the requirements of Semen 
4.723.are no! met, steps shall be taken to increase 
the average of subsequent strength test resutts. Ra 
quirements of W i o n  4.7.4 shall be observed if re- 
quirement of Sect1011 4.72.3(b) is not met. 

4.7.3 - Rdd-cured sperimtns 

4.73.1 -The Building Official may require strength 
tc#ts of cyMeus cured rrnder f& conditions to check 
adequacy of wring and protection of concrete in the 
mumre. 

4.7.39 - Fielbwred cylinden shall be cured under 
field mnditions in accordance wiM Setaon 7.4 of 
'Method of Making arrd Curing Concrete Test Spec- 
imens in the Field" (ASTM C 31). 

4.733 - Fieldcured test cylinders shall be molded 
at the same time and tram the same samples as lab- 
oratory-cured test cylinders. 



4.7.3.4 - Procedures lor fnotcarng am wring cen- 
uete shall ba knprovad when m n g m  J field-wred 
cyiaaes at lest age aestgnated for det~mnauoti of 
f; * less rmn 85 penem of that of cmwnon  Lab- 
of imy~ey irndsrsmea5per tmrrr~ybcwuved  
i f  fieldcund nrsngth ucseas I; by mon tnan 500 
psi. 

4.7.4 - lnvmigation of low-strtngth test results 

4.7.4.1 -if any mengm tes~ (Smon 4.7.1.4) of 
IabOratOry-CUmd cyhnaers tolls below scecified value 
of I, by more man 500 ps~ [Smon  4.7231b)] or i f  
tests of field-cured cylinuefs mdrcate oebenaes in 
proternon and cunng ISecnon 4.7.3.4). kels  snall be 
tanen to assure Ylat load-carrying =my of me 
stmcnrn is not jeopardued. 

4.7.42 - If me likelihood of low-mcngm concrete is 
confirmed and computations indicate that load-caw 
ing tap- may have been sgmbmly rantced tcsrt 
of cores drilled born the area in question may be re- 
quired in accordance with Wethad ot Ckaining and 
Testing Drilled Cores and Sawed Be&% of Con- 
crete" (ASTM C42). In such case. three cores shall 
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be taken tor e m  n n p h  tcsl %ore than 500 pti be- 
b w  spsoiled vitlue of I;. 

4.7.4.3 - If  concnle in the scd=rure will be dry un- 
def serum co~mons .  cores WI be au dned (ltm- 
paiature 60 to 80 F. raubve humuhty less man 60 
m m )  tor 7 aays before lu: and stull be tested 
dry. 1 w m e l e  in me nnraun will be more man su 
perlicrally wet Imn sew# cofumow. cores snJl be 
immersed in watef for at lean 40 hr and be tested 
M L  

4.7.4.4 - Concrete in an area reDresenttd by core 
tess shall be conudered sruc~ral ly  aoeouate 11 the 
average of mree cores is equal ZI a1 leas1 85 Percent 
of f ;  and i f  no srngle core is kss man 75 percent of d 

Ye To Check testing .accuracy. tocations represented 
by erratic core stnnglhs may be retested. 

4.7.45 -I f  uiteria of Seaon 4.7.4.4 are not met. 
a 11 sautrural adequacy remains in doubt. Me r t  
sponsible authonly may order bad less as ourtined 
in Chapter 20 for me questimable portion of !he 
mare, or take other approprate -on. 




